When uploading content they are required to comply with their publisher agreement and the SHERPA RoMEO database to judge whether or not it is copyright safe to add this version of the paper to this repository. Methods: Three electronic databases (PubMed, PsycINFO, CINAHL Plus) were reviewed to identify studies. Studies reporting on any measure of short-term vagallymediated heart rate variability (HRV) during resting state in clinically diagnosed ADHD patients as well as non-ADHD healthy controls were eligible for inclusion.
Introduction
Attention Deficit Hyperactivity Disorder (ADHD) is characterized by inattention, impulsivity, and hyperactivity (Barkley 1997) . Related clinical symptoms commonly involve impairment in sustained attention, distractibility and poor task persistence, difficulty in delaying gratification, excessive activity, talking, and fidgeting (Barkley 2001) . Children with ADHD can be categorized as primarily inattentive, hyperactive, or a combination of these features (Willcutt 2012) . ADHD is diagnosed in approximately 5-7% of children worldwide, but prevalence estimates vary based sex, age, subtype, diagnostic criteria, method of assessment, and incorporation of functional impairment (Polanczyk et al. 2007; Willcutt 2012) . For example, ADHD is more prevalent among males and in young children (10-11%) and while the inattentive subtype is predominant in the population, individuals with the combined subtype (i.e., inattentive and hyperactive) are the most likely to be referred for clinical services (Willcutt 2012). Here we investigate whether heart rate variability -a noninvasive marker of vagal function -is reduced in patients with ADHD relative to controls, providing a psychophysiological mechanism that may underpin behavioral impairment in these patients.
In general, psychiatric disorders comorbid with ADHD include oppositional defiant disorder (ODD), conduct disorder (CD), learning disorders, mood disorders, and anxiety disorders (Biederman 2005) . Recent conceptualization of ADHD suggests that inattention, impulsivity, and hyperactivity reflect a deficiency in emotion self-regulation, characterized by (1) deficits in regulating physiological arousal caused by emotions, (2) difficulties inhibiting inappropriate behavior to positive and negative emotions, (3) problems refocusing attention following strong emotions, and (4) uncoordinated behavior in response to emotion activation (Barkley 2010) . Increasing evidence suggests that psychopathology is associated J U S T
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with altered resting state vagal tone, indexed by high frequency heart rate variability (HF-HRV). Reduced resting state HRV -reflecting impairment in vagal nerve function -is associated with an increased risk for morbidity and mortality (Kemp and Quintana 2013; Thayer et al. 2010) . Previously, lower vagal activity has been linked to depression (Kemp et al. 2014a; Kemp et al. 2014b; Kemp et al. 2012; Kemp et al. 2010) , anxiety disorders (Kemp et al. 2012; Chalmers et al. 2014; Kemp et al. 2014a) , borderline personality disorder (Koenig et al. 2015) and schizophrenia (Clamor et al. In Press) . Resting vagal tone reflects physiological flexibility in response to the physical and social environment (Beauchaine et al. 2001 ). In support of this, higher resting vagal control is associated with less fearful temperament in 9-10 month olds (Braeken et al. 2013) ,, effortful control of attention among 4-year-olds (Taylor et al. 2015) , better performance on a continuous performance task among fourth and fifth grade children (Suess et al. 1994) , socio-emotional competence among 2-3-year-old children (Liew et al. 2011) , and cognitive performance among 10-yearolds (Staton et al. 2009 ). Furthermore, greater task-induced withdrawals in vagal tone have been associated with better inhibitory control (Utendale et al. 2014) , and fewer externalizing and internalizing problems among children (see Graziano and Derefinko 2013 for a review).
Given that many of the characteristic features of ADHD are associated with vagal activity and existing evidence indicates that alterations of vagal activity are present in other psychiatric disorders, vagal activity might be a potential pathophysiological mechanism underlying ADHD. A systematic review on the topic has previously reported tentative evidence that children with unmedicated ADHD display lower levels of vagal tone (Rash and Aguirre-Camacho 2012) . However, conclusions from this study were limited by the number and quality of studies reviewed. Here, we sought to re-examine this evidence and quantify the potential differences in resting state vagal activity in patients with ADHD compared to J U S T A C C E P T E D healthy controls using meta-analysis, providing a more objective review of the previously published evidence.
Methods

Literature Search
A systematic search of the literature, according to the "Preferred Reporting Items for Systematic Reviews and Meta-Analyses" (PRISMA) statement (Moher et al. 2009 OR ADD)) AND (((((heart rate variability) OR HRV) OR respiratory sinus arrhythmia) OR vagal) OR vagus)]. Additionally, reference lists of included studies were checked for additional studies eligible for inclusion. After removing duplicates, abstracts of all articles were screened based on pre-defined inclusion criteria independently by the first and last author.
Eligible studies included those reporting: (i) an empirical investigation involving active collection of HRV data in (ii) humans (iii) in patients with ADHD. All titles meeting the inclusion criteria were retrieved and reviewed in full-text. Excluded studies and reasons for exclusion are given in Figure 1 . Reviews, meta-analysis, comments, single-case reports, or abstracts from conference proceedings were excluded. The full-text of studies qualifying for inclusion were further reviewed and screened for inclusion eligibility independently by two authors. To be included, studies had to report (i) any measure of vagally-mediated HRV in (ii)
clinical samples of ADHD patients characterized by clinical criteria (e.g. DSM, ICD) and diagnostic procedures, compared to (ii) non-ADHD healthy controls Authors of studies that reported HRV but no data on measures of vagally-mediated HRV were contacted and data on vagally-mediated HRV were requested.
Data Extraction and Meta-Analysis
Parasympathetic modulation of the heart rate is fast (timescale in the order of milliseconds) while sympathetic effects are much slower (Levy 1997). Therefore, HF-HRV, respiratory sinus arrhythmia (RSA), and time-domain measures reflecting these fast changes (i.e., the timedomain root-mean-square of successive R-R-interval differences, RMSSD measure) provide a readily available, surrogate measure of vagal activity. All data on time-and frequency domain measures reflecting vagally-mediated HRV was extracted for meta-analysis. Where citations reported multiple indices of vagally-mediated HRV, hierarchical inclusion criteria were implemented to prevent conflated effect-size estimates: HF power was selected for analysis if available, followed by RSA and RMSSD. Authors who reported vagally-mediated HRV but who did not provide sufficient quantitative data (e.g., only a graphical display) were contacted in order to request the necessary information to derive effect size estimates and confidence limits on the selected indices. When only the standard error of the mean (SEM) was reported, the SD was calculated by multiplying the SEM by the square root of the sample size (Higgins and Green 2008) . When descriptive statistics were reported other than the mean, SD or SEM, data were imputed by established procedures where possible (Glass et al. 1984; Wiebe et al. 2006 ).
Descriptive statistics (mean and SD) of vagally-mediated HRV indices derived from resting baseline recordings were extracted. Where longitudinal or pre-post data were
reported, only baseline resting HRV was included to minimize confounding effects by experimental manipulation and conflation of effect size estimates. Indices derived from long-term (e.g. 24 hours) recordings were not considered for inclusion given that only one study reported data from long-term recordings.
True effect estimates were computed as adjusted standardized mean differences (Hedge's g) using random-effect models. Heterogeneity was assessed using the standard I2 index, ChiSquare, and Tau 2 tests (Higgins and Thompson 2002 The Nordic Cochrane Centre, The Cochrane Collaboration, 2014).
Results
Summary of Included Studies
The systematic search of the literature (Figure 1 ) yielded 10 studies (Crowell et al. 2006; de Carvalho et al. 2014; Karalunas et al. 2014; Lackschewitz et al. 2008; Luman et al. 2007; Musser et al. 2011; Musser et al. 2013; Negrao et al. 2011; Oliver et al. 2012; Tonhajzerova et al. 2009 ) eligible for inclusion in the meta-analysis. Three studies had overlapping samples (Karalunas et al. 2014; Musser et al. 2011; Musser et al. 2013 ) and the most recent manuscript with the largest sample was retained (Karalunas et al. 2014 ) resulting in 8 independent samples. Sample characteristics of included studies are summarized in Table 1 .
All technical aspects regarding the recording of HRV in included studies are summarized in Table 2 .
Six studies evaluated resting-state vagal tone in children with ADHD (Crowell et al. 2006; de Carvalho et al. 2014; Karalunas et al. 2014; Luman et al. 2007; Negrao et al. 2011; Tonhajzerova et al. 2009 ) and two in adults (Lackschewitz et al. 2008; Oliver et al. 2012 ). All studies employed DSM-IV criteria for a diagnosis of ADHD, seven studies using structured clinical interviews to gather information about symptoms (Crowell et al. 2006; de Carvalho et al. 2014; Karalunas et al. 2014; Lackschewitz et al. 2008; Luman et al. 2007; Negrao et al. 2011; Tonhajzerova et al. 2009 ), and one study using a validated, self-report screening measure (Oliver et al. 2012) . Two studies did not report on comorbid disorders (de Carvalho et al. 2014; Oliver et al. 2012) . Two studies assessed samples with ADHD and without comorbid psychopathology (Negrao et al. 2011; Tonhajzerova et al. 2009) Four studies were designed to evaluate the difference between resting vagal tone among individuals with ADHD and controls. Two studies evaluated differences in resting vagal tone between children with ADHD and matched controls during orthostasis and supine positions (de Carvalho et al. 2014; Tonhajzerova et al. 2009 ). One study tested the difference in resting vagal tone between individuals with comorbid ODD and ADHD relative to controls (Crowell et al. 2006) . One study compared resting vagal tone, with and without the use of methylphenidate, between individuals with ADHD relative to controls (Negrao et al. 2011 ).
This study also included an evoked attention task. The remaining four studies were designed to evaluate vagal-reactivity in response to structured laboratory tasks. One study compared differences in vagal-reactivity between baseline and an emotion task with four conditions
among children with ADHD and healthy controls (Karalunas et al. 2014; Musser et al. 2011; Musser et al. 2013) . Another study was designed to compare vagal-reactivity from baseline to time-production task among children with ADHD and healthy controls (Luman et al. 2007 ).
One study was designed to compare reactivity of a suite of physiological markers (one of which was vagal-reactivity) from baseline to a social stress task among adults with ADHD and matched controls (Lackschewitz et al. 2008 ). The final study was designed to compare vagalreactivity from baseline to a frustration driving simulation task among adults with high and low symptoms of ADHD (Oliver et al. 2012) . Details on the baseline recording task, duration of recording, recording equipment, and index of vagal tone used for analysis is provided in Table 2 . All studies reported HF-HRV and many also reported time-domain measures of resting-state vagal tone. Baseline recording duration ranged between two and twenty minutes with the most commonly reported duration being five minutes. The majority of studies used commercially available software for the calculation of resting-state vagal tone.
Meta-Analysis
Meta-analysis of included studies revealed no significant main effect in random-effect models (Hedges' g = 0.06, 95%CI [-0.18 
Excluded Studies
Two studies by Musser and colleagues (Musser et al. 2011; Musser et al. 2013) were excluded after correspondence with the authors. The authors declared, that there was an overlap among each of the samples reported, such that each of the participants described in the earlier manuscripts were included in the later manuscripts. Thus, we decided to include the most recent study (Karalunas et al. 2014) reporting on the largest sample of ADHD patients. One dissertation (Karalunas 2011) was excluded because RSA was only measured in study 2 which did not include a sample with ADHD and controls. The study by Buchhorn and colleagues (Buchhorn et al. 2012 ) was excluded, because it was the only study reporting on 24-hour recordings of HRV. The guidelines for the measurement of HRV (Task Force 1996) suggest that "because of the important differences in the interpretation of the results, the spectral analyses of short-and long-term electrocardiograms should always be strictly distinguished". We initially aimed to perform meta-analysis for short-and long-term recordings separately, however, given that only one manuscript reported on long-term authors did not respond to our request and there was insufficient data to estimate effects sizes. Unfortunately, data reported by two studies was no longer available for analysis (Ashman et al. 2008; Beauchaine et al. 2001) .
Discussion
The present meta-analysis quantified differences in resting state vagal tone between children with ADHD and healthy controls. The systematic search of three bibliographic databases yielded 8 studies eligible for inclusion. Meta-analysis was based on 317 patients with ADHD and 270 controls and no evidence was obtained for altered resting state vagal tone in ADHD. Except for one study (Tonhajzerova et al. 2009 ), none of the included studies reported differences on short-term measures of baseline HRV. While findings across existing studies on resting state vagal activity in ADHD are consistent, several aspects need to be discussed.
Medication Status
Methylphenidate ( However, a meta-analysis has reported that treatment with stimulants is associated with increased mean heart rate in adults with ADHD (Mick et al. 2013) . While heart rate and HRV are two distinct measures of autonomic function, increased heart rate in response to MPH J U S T
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points to a possible decrease in cardiac vagal-tone (HRV); thus, future studies need to address this issue in children with ADHD treated with MPH or other stimulants. Most samples included in the present meta-analysis were free of medication or underwent a medication washout prior to participating in the study ( Table 1) . One of the included studies allows for the analysis of the effect of medication status (Negrao et al. 2011) . In that study, all children were taking MPH (1 long-acting, all others, short-acting) and were also measured after they refrained from MPH for 3 weeks. The authors reported no significant differences on time-or frequency-domain measures of vagally-mediated HRV comparing the same children while medicated and medication free.
Comorbidity and Subtypes of ADHD
In addition to medication intake, co-morbid psychiatric conditions might serve as important covariates altering vagal activity. While we consider lower resting state vagal tone to represent a common non-specific physiological mechanism associated with psychopathology (Table 1) , age (continuous), the length of HRV recording or condition at recording ( Table 2) .
Vagal Reactivity and Circadian Variation
While measures of resting state vagal tone show good trait specificity (Bertsch et al. 2012) , and are therefore of great interest for research into neurobiological mechanisms underlying psychopathology, the influence of these disorders might extend beyond short-term measures obtained during resting conditions. Relative to controls, children with ADHD may exhibit differences in task-related vagal reactivity in the absence of differences in restingstate vagal tone. In support of this hypothesis, an augmented pattern of vagal-reactivity in response to positive and negative emotion induction and inhibition tasks was reported in children with ADHD compared to healthy controls (Musser et al. 2011) . Similarly, vagalreactivity from baseline to short-term memory storage and rehearsal tasks moderated the association between short-term memory performance and ADHD (defined categorically or Konofal et al. 2010) , and the presence of circadian rhythm sleep disorders among children with ADHD combined subtype (Chiang et al. 2010) , that might affect long-term vagal activity, as it is well known, that lower vagal activity during the night is associated with poor rest and sleep problems (Hall et al. 2004; Stein and Pu 2012; Tobaldini et al. 2013 ). These long-term alterations might not be captured by measures of resting-state vagal tone in children with a short symptom history in particular. Furthermore, recent studies using chaotic global techniques -addressing the irregularity of amplitude and frequency of the HRV power spectrum -reported significant group differences comparing children with ADHD and controls (Wajnsztejn et al. 2015) . Taken together, this suggests that the involvement of parasympathetic activity in ADHD might be more complex and is not adequately captured by short-term measures of resting-state.
Clinical Implications
The measurement of resting-state HRV to quantify vagal tone in psychiatric populations is of great interest for research as well as routine clinical care. Measures of HRV are easy to obtain by affordable equipment with little effort. Measures of resting state vagal tone are physiologically grounded, theoretically explicated, and empirically supported within the context of psychiatry. While we found no evidence for alterations of vagal tone in patients with ADHD compared to controls, the measurement of HRV may still be useful for (1) monitoring medication status; (2) assessing comorbid psychopathology and internalizing behaviors in particular, (3) distinguishing different clinical entities of ADHD, and (4) obtaining biologically informed differential diagnostics.
Beyond techniques to assess resting state vagal-tone by short-term measures of HRV, longterm measurements, measures of vagal reactivity (to standardized tasks or stressors) and
more complex methods to analyze the power spectral density of derived data may better help to distinguish clinical patients from healthy controls.
Conclusion
Unlike other psychiatric disorders, ADHD is not associated with altered resting state vagal tone. While there is some evidence on differences in the circadian variation of vagal activity and task-related vagal reactivity in children with ADHD, we found no differences on shortterm measures of vagally-mediated HRV. These findings suggest that altered vagal tone might be specific to disorders associated with internalizing behaviors (i.e. depression and anxiety disorders). Future research into alterations of vagal tone in different subtypes of ADHD, characterized by differences in internalizing and externalizing behaviors is needed. Negrao et al., Luman et al., and de Carvalho et al.; Negrao et al.and de Carvalho et al. provided log-transformed 
